Pollen morphology of 24 of the 33 species of three Bomarea subgenera, Baccata, Sphaerine, and Wichuraea, was examined by light microscopy (LM) and scanning electron microscopy (SEM), or SEM alone. The studied species of Bomarea were stenopalynous, characterized by large, monosulcate monads with reticulate exine sculpture in most species. Opercula-like structures were present on the sulcus in B. huanuco and B. involucrosa. Differences in pollen size, exine thickness, and exine sculpture were observed. The studied taxa were divided into four major groups based on exine ornamentation observed under SEM: microreticulate, reticulate, coarsely rugulate, or finely rugulate-perforate. Pollen characters alone did not appear to correlate clearly with the current subgeneric classification of Bomarea, but they may have some taxonomic utility below the subgeneric level. The most reliable infrageneric classification of Bomarea can be achieved through combined analyses of morphological, palynological, and molecular data from larger samples of specimens of all the species.
Introduction
Bomarea is the most diverse genus of Alstroemeriaceae, with 100-120 species (Neuendrof 1977; Alzate 2005) distributed primarily in the Andean and Austroamerican regions, but found from Mexico and the Caribbean to Chile and Argentina (Sanso & Xifreda 1995) . The genus includes climbing, erect, or prostrate herbs with persistent, often resupinate leaves and rhizomes, umbellate inflorescences, free perianth segments, six stamens, an inferior ovary, and elongate and anacolpate pollen (Alzate 2007) . The characteristic large inflorescences of Bomarea represent an important food source for birds and insects in the Andean highlands (Sanso & Xifreda 1995) ; the starchy storage roots of several species of Bomarea are also used as food (Bayer 1998) .
The circumscription and taxonomic relationships between the two largest and closely related genera of the family Alstroemeriaceae, Alstroemeria and Bomarea, have also been controversial, as some species have been published under both generic names with different epithets (Sanso & Xifreda 1995; Hofreiter & Tillich 2002) . Along with other characters, the differences in pollen grain wall structure and exine ornamentation (sculpture) are found to be valuable characteristics for distinguishing between Alstroemeria and Bomarea (Sanso & Xifreda 2001; Sarwar et al. 2010) , and the close relationship between these two genera has also been confirmed by molecular data (Aagesen & Sanso 2003) . Based on morphological features, the genus Bomarea is traditionally divided into three to four subgenera: Baccata (five spp.), Bomarea s.str. (c. 79 spp.), Sphaerine (12 spp.), and Wichuraea (18 spp.) (Hofreiter & Tillich 2002) . Recently, the subgeneric circumscriptions of Baccata (Hofreiter 2008) , Sphaerine (Hofreiter 2006) , and Wichuraea (Hofreiter & Tillich 2003) have been revised. However, three clades within Bomarea have been identified by Alzate et al. (2008) , using the genomic regions nrDNA ITS, psbA-trnH, rpoB-trnC, and matK, which conflicts with the traditional subgeneric classification of Bomarea based on morphology and biogeography. Erdtman (1952, p. 44) described the pollen grains of Bomarea as "1-sulcate, large (longest axis 75-100 μm), usually distinctly plane-convex with sulcus on the convex part of grains, sexine scrobiculoidate; sexine is thicker than nexine. " Pollen morphology of Bomarea has also been included in some taxonomic papers and/or as a part of regional flora (Elsik & Thanikaimoni 1970; Heusser 1971; Neuendorf 1977; Schulze 1978; Kosenko 1994; Rudall et al. 2000; Rojas & Gutiérrez 2001; Sanso & Xifreda 2001; Hofreiter 2006; Alzate 2007) . As a part of the comprehensive pollen morphological survey on the family Alstroemeriaceae, pollen morphology of the genus Alstroemeria has already been published (Sarwar et al. 2010) . We present herein pollen morphological features of three subgenera, viz. Baccata, Sphaerine, and Wichuraea, of the genus Bomarea to search for new characters that could add information pertinent to infrageneric classification of this genus. The evolutionary trend in palynological features has also been discussed in light of the molecular phylogenetic relationships of Bomarea (Alzate et al. 2008 ).
Materials and Methods
Pollen morphology of a total of 24 species of three subgenera of the genus Bomarea, i.e., Baccata Hofreiter (three spp. out of five, Hofreiter 2008), Sphaerine (Herb.) Baker (nine spp. out of 12, Hofreiter 2006), and Wichuraea (M. Roemer) Baker (12 spp. out of 16, Hofreiter & Tillich 2003) , was examined by means of light microscopy (LM) and scanning electron microscopy (SEM), or SEM alone (Tab. 1). Polliniferous materials used in this investigation were taken from dried specimens from the herbaria MO, USM, K, and MOL. Abbreviations of the herbarium names are according to the Index Herbariorum (Thiers 2007) .
The preparation of pollen grains for LM and SEM, and pollen parameters studied follow Sarwar et al. (2010) . Pollen slides of all collection are deposited at the Hokkaido University Museum, Sapporo, Japan. The measurements are based on at least 30 randomly selected grains from each specimen (Tab.2). Pollen size and shape classes were made following Erdtman (1952) and descriptive terminology follows Punt et al. (2007) .
Results
The pollen grains of Bomarea species investigated were monad, large, ellipsoid (boat-shaped), heteropolar; monosulcate, sulcus on the convex part of the grains, distinct, long, straight, wide at the equator, narrow near the poles, sometimes extended to the proximal pole ( Fig. 1A) ; auricula-like structures at the end of sulcus were observed in B. brachysepala, B. bracteolata, B. glaucescens, and B. huanuco (Fig. 1B; Tab. 2) , opercula-like structures were present on the sulcus in B. huanuco and B. involucrosa ( Fig. 2A-B ). Symmetry was bilateral. Sizes ranged from 27.88-52.70 μm (polar length P) × 44.46-79.19 μm (equatorial diameter E), P/E 0.51-0.68, oblate in shape, exine thickness 1.08-2.39 μm (Tab. 2). The pollen grains of Bomarea species were characterized by a semitectate exine sculpture. Four different exine sculptures were observed among the species of Bomarea studied. Type I -Microreticulate ( Fig. 2E-I B. ampayesana, B. andimarcana, B. brevis, B. diffracta,  B. dulcis, B. foertheriana, B. glaucescens, B. huanuco,  B. involucrosa, B. longistyla, B. parvifolia and B. vargasii. Type III -Coarsely rugulate (Fig. 3K, O; Tab. 2), observed in B. bracteolata and B. linifolia. Type IV -Finely rugulate-perforate ( Fig. 3L-N Sometimes granula were visible at the bottom of the lumina; these correspond to reduced or modified columellae (Fig. 2J) . The exine sculpture along with sulci was similar to that appearing at the equatorial position, but had relatively smaller lumina.
Discussion

Variations in pollen morphology
Most of the Bomarea species examined were characterized by monad, monosulcate, and large pollen indicating that the species of genus Bomarea are closely related Tab. 2) . Thus far, the pollen morphology of only five species, viz. B. distichifolia, B. dulcis, B. glaucescens, B . involucrosa, and B. linifolia, of three subgenera has been studied with either LM or SEM. The results of present study are in agreement with previous reports (Erdtman 1952; Heusser 1971; Neuendorf 1977; Schulze 1978; Kosenko 1994; Sanso & Xifreda 2001; Alzate 2007) , and monophyly of the genus Bomarea is also supported by molecular data (Aagesen & Sanso 2003; Alzate et al. 2008) . However, there are significant differences in the value of quantitative palynological characters that may, to some extent, be related to differences in the preparation methods of pollen grains as well as the mounting media. Similar phenomena have also been observed and discussed for Alstroemeria (Sarwar et al. 2010 for detail). The pollen length (equatorial diameter) of studied Bomarea species varies from 44.46-79.19 μm (Tab. 2). This wide variation in pollen size might be correlated with floral size (Sarwar et al. 2010) . Bomarea ampayesana produces the largest pollen (Tab. 2) and produces large showy flowers 10-12 cm in size (Hofreiter & Tillich 2003) .
Previously, the presence of possible opercula was only observed in the SEM illustration of B. salsilla (Kosenko 1994) . Here, we have reported opercula-like structures present on the sulcus in two Bomarea spp., B. huanuco, and B. involucrosa ( Fig. 2A-B ). Although operculate pollen is fairly common in some families of the order Liliales, the presence of operculate pollen in these three Bomarea species as well as in Alstroemeriaceae requires confirmation (Furness & Rudall 2003) . However, it has been shown that insulae are present in the sulcus of some Alstroemeria pollen (Furness & Rudall 2003 ; AKM Golam Sarwar unpubl. res.).
Among the studied species of these three subgenera, auricula-like structures in pollen grains were observed only in B. brachysepala, B. bracteolata, B . glaucescens, and B. huanuco (Fig. 1B; Tab. 2). Pollen with auricula-like structures has previously been reported for only two species of Bomarea (subgenus Bomarea), B. pardina (B. lyncina) , and B. ceratophora (Elsik & Thanikaimoni 1970; Neuendorf 1977; Schulze 1978) . Elsik & Thanikaimoni (1970) considered auriculae as equatorial modifications of the exine, and auriculae sometimes get detached from the pollen effectively creating a circular opening that resembles a pore. However, the auricula-like structures are absent in most of the species studied (Tab. 2; Elsik & Thanikaimoni 1970; Sanso & Xifreda 2001; AKM Golam Sarwar unpubl. res.) .
Although pollen grains of Bomarea species are characterized by the (micro)reticulate exine sculptures (Type I, II; Figs. 2E-L, 3A-J), this study is the first to report the coarsely rugulate (Type III) and finely rugulate-perforate (Type IV) exine sculptures in Bomarea (Fig. 3K-O) . The reticulate exine sculpture might be a plesiomorphic character state for Bomarea and the coarsely rugulate and the finely rugulate-perforate exine sculptures might have evolved independently more than once (Alzate et al. 2008) .
The coarsely rugulate(-psilate) exine sculpture, observed both in Bomarea and Alstroemeria (Sarwar et al. 2010) , might make a morphological (connection) bridge between striate-reticulate and reticulate exine sculptures. The major evolutionary trend of exine sculpture is postulated to be from reticulate through rugulate to striate-reticulate or vice-versa, in Alstroemeriaceae (Aagesen & Sanso 2003) . Alternately, the rugulate (or a different) pollen sculpturing could be plesiomorphic within the family and then both striate-reticulate and reticulate pollen sculpturing would be synapomorphies for Alstroemeria and Bomarea, respectively. With TEM thin-sections, it has been shown that the infra- tectum corresponding with a reticulate exine in Bomarea has more widely spaced columellae ( Fig. 5G in Sanso & Xifreda 2001) . We used the lumina diameter as a character of taxonomic importance; however, the arrangement (and thickness) of muri are sometimes found to be useful characters at the subgeneric level (Sanso & Xifreda 2001) .
The existence of a general relationship between pollen morphology and pollen vectors was suggested by Woodhouse (1935) . The (micro)reticulate exine sculpture might represent a hummingbird mode of pollination in Bomarea, as all species of subgenus Wichuraea, including those with green flowers, are likely to be hummingbird pollinated (Hofreiter & Tillich 2003) . In contrast, coarsely rugulate and finely rugulate-perforate exine sculptures might be related to pollination by butterflies (Hofreiter 2006) .
Taxonomic significance of palynological features
According to our results, pollen characters alone fail to distinguish between any subgenera of Bomarea (Hofreiter & Tillich 2002) , although pollen size (equatorial diameter) shows some variation among the subgenera . In an agglomerative hierarchical clustering (analysis) of Bomarea using quantitative pollen data, the studied species are distributed in either two (similarity based) or four (dissimilarity based) major clusters (AKM Golam Sarwar unpubl. res.). The recent molecular phylogenetic analyses of Bomarea (Alzate et al. 2008) have also failed to recover clades that represent traditionally recognized subgeneric taxa for the genus (Hofreiter & Tillich 2002) , but recovered three major clades. Only five of the studied species were included in this molecular study and these are positioned in two different clades ( Fig. 2 in Alzate et al. 2008) : Bomarea glaucescens is sister to the B. cumbrensis-B. diffracta subclade in clade A; B. linifolia is sister to the Leontochir ovallei (as B. ovallei)-B. involucrosa subclade in clade B; B. pauciflora is resolved as sister to clades B and C (Alzate et al. 2008) . The sister relationship between B. glaucescens and B. diffracta is likely supported by pollen morphological features, but the relationship between B. linifolia and B. involucrosa is not (Tab. 2). However, pollen morphology may have some taxonomic utility below the subgeneric level.
The species of subgenus Sphaerine were arranged in three informal groups, viz. Distichifolia-, Linifolia-, and Pauciflora-groups (Hofreiter 2006) . Palynological features may give additional support to this supposition. The pollen grains of the Distichifolia-group are comparatively smaller in size (44.46-53.88 μm) except B. foertheriana (69.39 μm), followed by the Linifolia-group (56.60-56.71 μm), and the monospecific Pauciflora-group (59.60 μm; Tab. 2). The exceptionally large pollen of B. foertheriana might be an adaptation to its specific habitat as it only occurs in the shadows of continually cool (without frost at night), wet, humid mist forests in Peru at 1300-3500 m; it also produces much wider leaves compared with its thickness (Hofreiter & Lyshede 2006) .
Based on the geographical distribution, the species of subgenus Wichuraea were arranged in two groups: northern and southern (Hofreiter & Tillich 2003) . Morphologically, the species of the northern group are characterized by unguiculate inner tepals, i.e., these are divided into blade and claw. One-third to one-half of the ripe fruit originates from the part above the insertion level of the petals and stamens. The species of the southern group are characterized by their spatulate inner tepals. The gynoecium is semi-inferior, onehalf to two-thirds of the ripe fruit originate from the part above the insertion level of the tepals and stamina (Hofreiter & Tillich 2003) . This pattern is also supported by palynological characteristics. The pollen grains of the northern group are comparatively smaller in size (53.66-59.80 μm) than those of the southern group (65.89-78.94 μm) except B. parvifolia (52.50 μm) and B. dulcis (55.48 μm; Tab. 2). The flowers of the northern group are 2-3 cm long, i.e., they are also small compared to the flowers of some species of the southern group (Hofreiter & Tillich 2003) . The smaller pollen of B. parvifolia and B. dulcis are an indication of their limited distribution to a drier region and/or small flowers, and suggests similarities in other (external) morphological characters (Hofreiter & Tillich 2003) . In the southern group, B. parvifolia is restricted to the dry western cordilleras, whereas the widespread B. dulcis exclusively occurs above the fog forest region. Bomarea parvifolia grows in central Peru at altitudes between 3500 m and 4300 m, almost exclusively on steep slopes and between rocks. Bomarea dulcis can occur up to 5200 m, and has small leaves closely appressed to the stem (Hofreiter & Tillich 2003) . Pollen grains of members of the southern group are consistently characterized by Type II exine sculpture ( Fig. 3E -J; Tab. 2).
According to Fishbein et al. (2001) , morphology can be very useful in resolving the relationships within and among groups with rapid radiation events. Often minimal genetic changes are required to produce morphological variation, and these changes can be easily observed and quantified for use in phylogenetic inferences. Although pollen characters alone do not appear to correlate clearly with the current subgeneric classification of Bomarea (Hofreiter & Tillich 2002) , it would be useful to develop a morphological and anatomical data set for future systematic analyses of Bomarea (Hofreiter & Lyshede 2006) . The infrageneric classification of Bomarea can be reliably achieved by combined analyses of morphological, palynological, and molecular data from larger numbers of specimens of all species. appreciate the help of two anonymous reviewers for their valuable comments in improving this manuscript. The first author is especially grateful to the Japan Society for the Promotion of Science (JSPS) for the Postdoctoral Fellowship for Foreign Researchers during the period of this study.
